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[57] ABSTRACT

A multi-gated pulsed wave color Doppler imaging sys-
tem is used to provide accurate non-invasive measure-
ments of liquid flow through a narrowed orifice by
using the color Doppler to first measure the velocity of
flow along an axis perpendicular to the orifice to pro-
vide a first image of the liquid velocity. The first image
includes a two-color interface at locations in the image
representing locations where the liquid velocity is equal
to the aliasing velocity of the color Doppler imaging
system. The distance from the two-color interface to
the center of the orifice is measured and saved. A sec-
ond image is obtained along an axis perpendicular to the

- first axis to represent the flow of liquid to the orifice

from the perimeter of the orifice. The distance from a
two-color interface to the center of the orifice in the
second image is measured. The two measured dimen-
sions are used to model a hemi-ellipsoidal surface proxi-
mal to the orifice wherein all points on the surface have
the same isovelocity. The surface area is multiplied by
the ahasing velocity to obtain the volume fluid flow rate

- through the orifice. A third image can also be obtained

along a third axis perpendicular to the first and second
axes and used to model an alternative hemi-ellipsoidal
isovelocity surface. In a further alternative, a single
image can be used to model a panshaped isovelocity
surface.

7 Claims, 13 Drawing Sheets
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METHOD FOR DETERMINING BLOOD FLOW
THROUGH A NARROWED ORIFICE USING
COLOR DOPPLER ECHOCARDIOGRAPHY

BACKGROUND OF THE INVENTION

1. Field of the Invention

‘The present invention is in the field of noninvasive
cardiac monitoring, and, more particularly, in the field
of color Doppler blood flow imaging wherein the ve-
locity of blood flow in a vessel or through an orifice is
represented by color images on a display with different
colors representing different velocities and different
directions.

2. Description of the Related Art

Color flow mapping using the Doppler effect is a
method for noninvasively imaging blood flow through
the heart and other vessels by displaying flow dataon a
twodimensional echocardiographic image such as an
image on a color CRT monitor, or the like.

Color flow mapping operates by directing an ultra-
sonic signal toward the heart from an ultrasonic trans-
ducer positioned outside the patient and using a sensing
transducer to monitor the return echo generated by the
signal. As is well known in the field of echocardiogra-
phy, the return signal will arrive at a sensing transducer
at a time that is determined by the distance that the
signal has travelled from the generating transducer to a
sound reflecting material and back to the sensing trans-
ducer. The signal will have an intensity that is deter-
mined by the structural characteristics of the reflecting
material. These characteristics of the sensed echo have
been used in conventional echocardiography to map the
physical structure of the heart and other related struc-
tures of the patient. This technique uses color encoding
to display velocities from multiple sample volumes
using multi-gated pulse Doppler techniques.

Color Doppler echocardiography further monitors
the frequency of the sensed echo to determine addi-
tional information. It has been known that an echo from
a moving object 1s shifted in frequency with respect to
a transmitted signal in accordance with the velocity of
the moving object and the direction in which the object
is moving with respect to the sensing transducer. This
so-called Doppler effect has been used, for example, in
radar, sonar, and the like, to monitor moving objects
and determine their velocities. In color Doppler
echocardiography, the Doppler effect 1s used to deter-
mine blood flow characteristics, and, in particular, 1s
used to identify constrictions in vessels, regurgitation
(i.e., leaks or back flow) in heart valves, leaks between
the chambers of the heart, and the like.

The operation of color Doppler echocardiography is
well understood 1n the medical field and is described,
for example, in Joseph Kisslo, et al,, “DOPPLER
COLLOR FLOW IMAGING,” Churchill Livingston,
Inc., New York, 1988 (ISBN 0-443-08563-3), and 1n
“COLOR ATLAS of Real-Time Two-Dimensional
Doppler Echocardiography,” Second Edition, Ryozo
Omoto, M. D., Editor, Shindan-to-Chiryo Co., Ltd.,
Tokyo, 1987 (ISBN 0-8121-1116-8). Additional back-
ground information regarding color Doppler echocar-
diography can be found in the two references.

A number of color Doppler imaging systems are
commercially available for performing color Doppler
echocardiography. One such system is the Model EUB-
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Tokyo, Japan, available in the United States as the
Model CVC-151 from Biosound. Basically, such sys-
tems operate by using a probe having an ultrasonic
transducer that generates an ultrasonic signal as a series
of pulses and a sensing transducer to sense the return
echoes. The probe is positioned to direct the ultrasonic
signal pulses toward a region of interest in the patient
(e.g., toward the heart). The probe includes circuitry to

cause the ultrasonic signal pulses to be scanned in a
fan-like pattern so that the ultrasonic signal pulses pass
through a planar area of the region of interest. By mea-
suring the time of arrival of the return pulses from the
region of interest, a two-dimensional representation of
the structural characteristics of the region of interest
can be generated. In addition, as discussed above, the
return signal pulses are shifted in frequency when they
are reflected from moving material in the region of
interest. The color Doppler imaging system includes a
processor and other suitable electronic hardware and
software to measure the frequency shifts of the return
signal pulses and to correlate the frequency shifts with
the times of arrival of the return signal pulses to gener-
ate a two dimensional representation of the flow in the
region of interest. The two-dimensional representation
is displayed in color on a display monitor (e.g., a color
CRT) with different colors representing different veloc-
ities and directions of movement in the region of inter-
est. Such movement 1s generally the flow of blood
through'the heart and other vessels.

In a typical color Doppler imaging system, two dis-
tinct ranges of colors are used to indicate flow direction
and velocity. For example, in one exemplary system, a
range of blue colors from light blue to dark blue are
used to indicate flow toward the probe and a range of
red colors are used to indicate flow away from the
probe. Other colors may of course be used, and some
imaging systems allow the operator to select the colors
used to represent flow velocities and directions and to
select the range of velocities represented by a particular
range of colors.

It has been found that in color Doppler imaging sys-
tems using ultrasonic pulses, such as described above, a
phenomenon referred to as “aliasing” occurs. Since the
pulsed operation of a color Doppler imaging system is
basically operating in a sampling mode, the aliasing
phenomenon occurs because of the inability of the sys-
tem to faithfully record velocities, as well as the direc-
tion of flow, above a certain velocity (i.e., one-half the
Nyquist limit) for a given depth setting (“range’’) and

- ultrasound transducer frequency. When aliasing occurs,
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151 Ultrasound Sector Scanner with Digital Scan Con- -

verter available from Hitachi Medical Corporation of

the color displayed on the display monitor will appear
as the color associated with a high velocity in the oppo-
site direction. For example, in an imaging system where
bright blue represents the maximum velocity toward
the probe and bright red represents maximum velocity
away from the probe, when the blood flow towards the
probe exceeds the maximum velocity, the displayed
color will switch from bright blue to bright red. Since a
skilled operator of the imaging system will know that
the blood flow cannot make an abrupt transition in
direction at the maximum velocities indicated, the oper-
ator will know that the transition from bright blue to
bright red on the display is a distinct indication that the
blood flow at a particular location is moving at a rate
referred to as the aliasing velocity. Since the operator
can adjust the ranges of velocities that can be repre-

sented by the red and blue color ranges, the operator



4,913,159

3
will know that the blood flow at the red/blue interface
has a velocity equal to the maximum velocity of the
range.

Heretofore, the color Doppler imaging systems have
been used to identify imperfections in the cardiac sys-
tem as indicated by blood flow between chambers of the
heart caused by openings in the chamber walls, regurgi-
tation of blood caused by incomplete closure of a heart
valve, disturbed flow caused by obstructions, and the
like. Such imperfections are identifiable qualitatively by
observing the color patterns on the display monitor.
However, quantitative measurement capability has not
been perfected to enable a clinician to determine non-
invasively the quantity of blood flowing through a leak
or through an obstruction in a vessel or valve so that the
clinician can determine whether the defect requires
immediate surgical intervention or medication and so
that the clinician can make comparisons over a period
of time to determine whether the defect is becoming
WOTSE.

There have been attempts to make quantitative mea-
surements of blood flow distal to an orifice such as an
orifice in the chamber wall between two chambers of a
patient’s heart. Such attempts have generally not been
very successful because of a number of machine factors
such as the system gain of the imaging system, the trans-
mit power, the frame rate, and the like, which can vary
from measurement to measurement, thus preventing
accurate quantification of the measured flow.

It has recently been suggested that the red/blue color
interface representing blood flow proximal to an orifice
can be used to provide quantitative measurements of
blood flow in patients having mitral regurgitation. See,
for example, G. S. Bargiggia, et al.,, “QUANTITA-
TIVE ASSESSMENT OF MITRAL REGURGITA-
TION BY COLOR DOPPLER ANALYSIS OF
FLOW CONVERGENCE REGION: USEFUL-
NESS OF CONTINUITY EQUATION,” Sixth Inter-
national Congress on Echocardiography, Rome, Italy,
June 23-25, 1988, page 140. As discussed above, the
red/blue color interface represents the aliasing velocity
which corresponds to the limit of the range of the ve-
locity that can be represented by a distinct color in a
given direction. Thus, all pixels on the displayed image
at the red/blue color interface have the same aliasing
velocity. The red/blue color interface is thus referred to
as the isovelocity line. Bargiggia, et al., suggest that the
flow velocity increases as the flow stream lines con-
verge toward an orifice (l.e., a partially open mitral
valve), and that symmetry requires that all velocities be
the same at the same radial distance from the orifice.
Bargiggia, et al.,, then suggest that the isovelocity line
can be used to model a hemispherical surface at a radial
distance r from the orifice wherein the velocities are the
same. By muitiplying the surface area of the surface by
the velocity, Bargiggia, et al., proposed to calculate the
flow rate.

Applicants have compared the flow rates calculated
using the Bargiggia, et al., method with known flow
rates in experiments wherein the actual flow rate can be
accurately determined by empirical methods. As a re-
sult of the experiments, it has been determined that the
Bargiggia, et al., method is not sufficiently accurate to
be used for quantitative measurements of blood flow
rate. Thus, a need continues to exist for an accurate
method of using color Doppler imaging techniques to
quantify flow rates through an orifice.
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4
SUMMARY OF THE PRESENT INVENTION

One aspect of the present invention is a method for
estimating a volume of flow of a liquid across an orifice

at a wall which separates a first chamber and a second
chamber in an object. The method comprises the step of
transmitting ultrasonic beams to the first chamber
which 1s proximal to the orifice and measuring a first
flow velocity distribution within a first plane in the first
chamber using the Doppler shift of ultrasonic waves
reflected from particles in the flow. The first flow ve-
locity distribution is displayed as a color image on a
display monitor or the like. The transmitting step is
repeated to generate a second flow velocity distribution
image representing the flow in a second plane in the
chamber orthogonal to the first plane. The method
further includes the step of describing an isovelocity
surface on which a plurality of isovelocity points indi-
cate a specified velocity on the flow velocity distribu-
tion of the liquid. The isovelocity surface is described
by an elliptical model. The method further includes the
step of estimating the volume of the flow by calculating
an area of the isovelocity surface of the elliptical model
and multiplying the area by the specified velocity.

Preferably, the elliptical model is a surface of revolu-
tion, generated by rotating an ellipse defined by

X2/A2+Y2/Be=1,

wherein the axis of revolution is the X-axis which corre-
sponds to an axis perpendicular to the wall separating
the first and second chambers and penetrating the cen-
ter of the orifice, and A and B are found as described
below.

- The step of describing the model includes the steps of
determining an X-intercept A of the ellipse by locating
a first point on the X-axis of the first flow velocity
distribution image at which the flow velocity is the
specified velocity within the flow velocity distribution:
and determining a Y-intercept B of the ellipse by locat-
ing a second point on the Y-axis of the second flow
velocity distribution image at which the flow velocity is
the specified velocity.

In this aspect of the method, the first flow velocity
distribution is obtained through an array ultrasonic
transducer, the center of the transducer being posi-
tioned on the X-axis and the array direction thereof
being oriented so that ultrasonic signals scan in a first
plane in which the X-axis lies (e.g., the X-Y plane). The
second flow velocity distribution is obtained through
the array ultrasonic transducer when the array direction
Is positioned so that the ultrasonic signals scan in a
second plane perpendicular to the first plane and per-
pendicular to the X-axis (e.g., in a plane parallel to the
Y-Z plane).

In an alternative technique, the method of the present
invention is used to describe an elliptical model of an
isovelocity surface comprising points {X, Y, Z} in an X,
Y, Z coordinate system having an origin at the-center of
the orifice with the X-axis being coincident to the flow
direction through the orifice, and the Y-axis and the
Z-axis each being mutually perpendicular and perpen-
dicular to the X-axis. Each of the points {X, Y, Z} on
the isovelocity surface satisfies the relationship

X/A2 Y2 /B4 Z2/C2 = 1,
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The isovelocity surface is hemi-ellipsoidal in that it

comprises only the points on the surface on one side of
a Y-Z plane through the origin {(e.g., the X values of all
the points are all positive in accordance with the con-
vention described herein). The step of describing the
model 1ncludes the steps of determining an X-intercept
A using a first flow distribution lying along the X-axis in
an X-Y plane; determining a Y-intercept B using a sec-
ond flow velocity distribution lying in the direction of
the Y-axis in a plane parallel to the Y-Z plane; and
determining a Z-intercept B using a third flow velocity
distribution lying in the direction of the Z-axis in a plane
parallel to the Y-Z plane. The X-intercept, the Y-inter-
cept and the Z-intercept define the distances of the
vertices of the elliptical model from an origin in the X,
Y, Z coordinate system with the origin corresponding
to the center of the orifice.

In this aspect of the method, the first flow velocity
distribution 1s obtained through an array ultrasonic

6

the distance between the third point and the origin
along the Z-axis. The model is hemi-ellipsoidal in that

 only points on the surface on one side of the orifice

10

15

transducer, the center of the transducer being posi- 5,

tioned on the X-axis and the scan direction thereof
being parallel to the X-axis. The second flow velocity
distribution is obtained through the array ultrasonic
transducer when the scan direction is positioned to be
parallel to the Y-axis in a plane parallel to the Y-Z
plane. The third flow velocity distribution is obtained
through the array ultrasonic transducer when the scan
direction is positioned to be parallel to the Z-axis in a
plane parallel to the Y-Z plane. |

Another aspect of the present invention is a method
for estimating the volume of flow across an orifice at a
wall which separates a first chamber and a second
chamber in an object. Assuming for reference that the
orifice and the two chambers lie in an X, Y, Z coordi-
nate system with an origin at the center of the orifice
and with the X axis of the coordinate system lying par-
allel to the direction of the flow through the orifice (i.e.,
- perpendicular to the plane of the orifice), the method
comprises the step of transmitting an ultrasonic beam
from a first position on an X-axis to the center of the
orifice through the first chamber proximal to the orifice
and measuring a first flow velocity distribution along
the X-axis using the Doppler shift of ultrasonic waves
reflected from particles in the flow. The method com-
prises the further step of transmitting an ultrasonic
‘beam from a second position in the direction of the
Y-axis to the center of the orifice through the first
chamber and measuring a second flow velocity distribu-
tion in the Y-axis direction, again using the Doppler
shift of ultrasonic waves reflected from the particles in
the flow. The method includes the further step of trans-
mifting an ulfrasonic beam from a third position on the
Z-axis toward the center of the orifice through the first
chamber and measuring a third flow velocity distribu-
tion in the Z-axis direction using the Doppler shift of
ultrasonic waves reflected from particles in the flow.
The method further includes the steps of using the first,
second and third flow velocity distributions to find first,
second and third points, respectively, on the X-axis, the
Y-axis and the Z-axis at which the respective flow ve-
locity is a specified velocity; and describing an
isovelocity surface by an elliptical model defined by
points {X, Y, Z} satisfying the relationship

X2/A2 1 Y2/B24+22/C2=1,

where A is the distance between the first point and the
origin along the X-axis, B is the distance between the
second point and the origin along the Y-axis, and C 1s

25
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(e.g., only points having a positive X value) are consid-
ered. Thereafter, the method includes the step of esti-
mating the volume of the flow by calculating an area of
the surface of the elliptical model in the first chamber

and by multiplying the area by the specified velocity.

BRIEF DESCRIPTION OF THE DRAWING
FIGURES

FIG. 1 illustrates a partial block diagram of an exem-
plary color Doppler imaging system in an experimental
setup that demonsirates the method of the present in-
vention, showing the positioning of the ultrasonic probe
proximal to the liquid flow through the orifice in a
two-chambered box.

FIG. 2 illustrates an experimental setup in which a
constant liquid flow i1s maintained through the orifice in

“a partition between the two chambers of the two-cham-

bered box.

FIG. 3 illustrates a pie-shaped image segment such as
will be displayed on the display monitor of FIG. 1 when
the ultrasonic probe is positioned proximal to the orifice
between the two chambers of the box.

FIG. 4 1s a partial biock diagram similar to FIG. 1
showing the positioning of the ultrasonic probe along
the side wall of the two-chambered box to obtain a view
perpendicular to the view of FIG. 3.

FI1G. 5 1llustrates a pie-shaped image segment such as
will be displayed on the display monitor of FIG. 4 when
the ultrasonic probe is positioned perpendicular to the
flow through the orifice of the box. '

FIG. 6 illustrates a hemi-ellipsoidal model of the

~ liquid flow through the orifice using distances measured
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from the image segments of FIGS. 3 and S.

FIG. 7 1s a graph comparing the calculated values of
fluid flow obtained using the methods of the present
invention and the prior art method with the fluid flow
measured using empirical methods.

FIG. 8 illustrates a pan-shaped model of the liquid
flow through the orifice using the distances measured
from the image segments of FIGS. 3 and 5.

FIG. 8B i1s an elevational view of the pan-shaped
model of FIG. 8 taken along the lines 8B—8B to pro-
vide additional details regarding the particular shape of
the pan-shaped model.

FIG. 9 1s a partial block diagram similar to FIG. 4
showing the positioning of the ultrasonic probe along a
second side wall of the two-chambered box to obtain a
view perpendicular to the view of FIG. 5.

FIG. 10 illustrates a second pie-shaped image seg-
ment such as will be displayed on the display monitor of
FIG. 9.

FIG. 11 illustrates a hemi-ellipsoidal model having
axial dimensions taken from the images in FIGS. 3, 5
and 10.

FI1G. 12 illustrates an experimental setup wherein the

~ flow through the orifice in the partition between the

65

two chambers of the box is generated by a pump so that
the flow occurs in predetermined pulses to simulate the
cardiac action of a patient.

FIG. 13 1s a graph comparing the calculated flow
from the experimental setup of F1G. 12 with the empiri-

- cally measured results.
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DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENT

FIG. 1 illustrates a partial block diagram of an exem-
plary color Doppler imaging system 100 in an experi-
mental setup that demonstrates the method of the pres-
ent invention. The color Doppler imaging system 100
comprises a probe 110 which includes an ultrasonic
transmitter which transmits ultrasonic signal pulses and
a receiver that receives echoes of the ultrasonic signal
pulses and converts the received echoes to an electrical
representation of the received echoes.

The probe 110 is connected to an imaging system
electronics subsystem 112 via a cable 114. The electron-
1cs subsystem 112 transmits control signals to the probe
110 to cause it to transmit the ultrasonic signals and
receives electrical signals responsive to the received
echoes from the probe 110 via the cabie 114.

As illustrated, the electronics subsystem 112 of the
imaging system 100 includes a transmitter circuit 120
that generates a drive signal for the ultrasonic trans-
ducer within the probe 110 at a selected frequency. For
example, in one particular embodiment using the Hita-
chi EUB-151 system, the frequency of the transducer
drive signal generated by the transmitter circuit 120 is
approximately 5 MHz.

The electronics subsystem 112 further includes a
recetver circuit 122 that receives the electrical signals
from the probe 110 and pre-processes (e.g., amplifies
and filters) the signals and provides the processed sig-
nals to a two-dimensional echo circuit (2D-ECHO
CKT) 124 and a two-dimensional (2D) Doppler circuit
(2D-DOPPLER CKT) 126 within the electronics sub-
system 112. The two-dimensional echo circuit 124 oper-
ates to locate the position and acoustic reflective prop-
erties of features in the scanned object (e.g., the patient’s
heart) in accordance with the times of arrival and inten-
sities of the echoes from the features. The two-dimen-
sional Doppler circuit 126 generally operates to assign
velocity values within a region of interest in the features
located by the two-dimensional echo circuit 124.

The output of the two-dimensional echo circuit 124 is
provided as an input to a first digital scan convertor
circuit (DIGITAL SCAN CONVERTER-1) 130
which converts the location and intensity information
generated by the two-dimensional echo circuit 124 into
pixel information and stores the pixel information at a
pixel memory location associated with ‘the location of
the feature in the scanned object. The pixel information
is transmitted to a color display monitor 132 in synchro-
nism with the horizontal and vertical scanning electron-
ics of the color display monitor 132 so that the features
of the image of the scanned object appear on the display
monitor 132 in spatial relationships corresponding to
the spatial relationship of the physical features in the
scanned object.

Similarly, the two-dimensional Doppler circuit 124
provides velocity information as an output to a second
digital scan convertor (DIGITAL SCAN CONVERT-
ER-2) 134 which stores a representation (i.e., color) of
the velocity information in a memory location associ-
ated with the location of each feature causing an echo of
the ultrasonic signal. The second digital scan converter
134 causes the velocity representation to be output to
the color display monitor 132 in synchronism with the
horizontal and vertical scanning electronics of the color
display monitor 132.
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The output of the second digital scan converter 134 is
further provided to a computer 140 which is controlled
by an input console 142 which advantageously includes
a keyboard and a mouse (not shown). The computer 140
1s responsive to commands from the input console 142
and 1s further responsive to signals received from the
second scan converter 134 to control the information
displayed on the color display monitor 132. For exam-
ple, the computer 140 determines which colors are used
to represent particular velocities on the color display
monitor 132.

For ease in understanding the principle of operation
of the present invention, the operation will be explained
in connection with an experimental setup in which a
leak between two chambers of a patient’s heart is repre-
sented by a two-chambered box 150 having a first cham-
ber 152 and a second chamber 154 separated by a parti-
tion 156. An orifice 160 is formed within the partition
156 to allow fluid to flow between the two chambers

132, 154. The size of the orifice 160 can be varied to

control the rate of the fluid flow through the orifice
160. For example, in one set of experiments, the size of
the orifice 160 was varied from 3 millimeters to 16 milli-
meters.

For convenience, in the discussion to follow, the
proximal entrance to the orifice 160 is considered to be
at the center of an X, Y, Z coordinate system with the
X-axis of the coordinate system passing through the
center of the orifice 160 and being substantially perpen-
dicular to the partition 156 and thus perpendicular to
the plane of the orifice 160. The positive direction of the
X-axis is shown as being against the flow of liquid
through the orifice 160 (i.e., pointing proximally away
from the orifice 160). The Y-axis and the Z-axis are
mutually perpendicular to each other and perpendicular
to the X-axis and lie in a Y-Z plane parallel to the parti-
tion 156. As will be apparent in the following discus-
sion, the Y-Z plane lies proximal to the partition 156.

In the experimental setup described herein, the two
chambers 152, 154 are filled with a liquid such as a
solution of cornstarch in water to simulate a patient’s
blood. For example, in one particular experiment in-
volving the present invention, an approximately 2% by
volume solution of cornstarch was used and was cali-
brated to a viscosity of 3.1 Centipoise which is generally

equivalent to the viscosity of blood.
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During a particular experiment, a first constant pres-
sure .P1 1s maintained on the first chamber 152 and a
second constant pressure P2 is maintained on the second
chamber 154, the second constant pressure P2 being
lower than the first constant pressure P1 so that the
liquid will flow from the first chamber 152 to the second
chamber 154 through the orifice 160 at a constant flow
rate. For example, FIG. 2 illustrates a particular experi-
mental setup in which the second constant pressure P2
is maintained by placing the box 150 in the bottom of a
first tank 170 of the corn starch solution. The first tank
170 has an outlet 172 at a predetermined height above
the bottom of the tank 170 that allows liquid to over-
flow into an overflow container 174. The second cham-
ber 154 of the box 150 has an outlet 176 to the bottom of
the first tank 170 so that the liquid in the second cham-
ber 154 1s at the same pressure as the liquid in the bot-
tom of the first tank 170.

Similarly, the first constant pressure P1 is maintained
by supplying the liquid as an input to the first chamber
152 from a second tank 180 having an outlet 182 at a
constant predetermined height H above the outlet 172.
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‘The liquid that overflows through the outlet 182 spills
into an overflow container 184. The height differential
H between the liquid levels in the first and second tanks
170, 180 provides the constant pressure differential be-
tween the first chamber 152 and the second chamber
154 of the box 150. In FIG. 2, the liquid flow between
the second tank 180 and the first chamber 152 of the box
150 1s maintained by siphoning action. By varying the
height differential H between the outlets 172, 182 of the
two tanks 170, 180 in the experiments (e.g., from 15
centimeters to 130 centimeters) in combination with
variations in the orifice sizes, the constant flow rate for
a particular experiment can be selected within a range
of, for example, 0.5 to 18.7 liters per minute.

The second tank 180 is provided with liquid from a
third tank 190 (e.g., by siphoning). The liquid that over-
flows from the first tank 170 into the overflow container
174 and the liquid that overflows from the second tank
180 into the overflow container 184 are provided as
inputs to a pump 192 that constantly pumps the over-
flowing liquid back to the third tank 190 at a rate suffi-
cient to maintain the height of the liquid in the second
tank at the height of the outlet 182, thus maintaining the
constant pressure differential.

It can be seen that in the experimental setup, the
overflow from the first tank 170 through the outlet 172
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FI1G. 3 illustrates an enlarged view of one such pie-
shaped display image 200 with the different colors of
the display represented by different cross-hatching. For
simplicity, only the red and blue velocity-indicating
colors are shown. However, it should be understood
that an actual display will include different shades of
red and blue as well as other colors that represent liquid
flow velocities and “variance” within the scanned por-
tions of the two chambers 152, 154. In addition, a white
color indicates the immobile portions of the partition
156 surrounding the orifice 160. The portions of the
display representing the partition 156 and the orifice 160
are 1ndicated at 156’ and 160', respectively. For conve-
nience, an arrow 202 1s positioned alongside the display
image 200 to indicate the proximal to distal direction of
liquid flow through the orifice 160’. It should be under-
stood that the arrow 202 does not appear on an actual

display generated by the display monitor 132 (FIG. 1).
Similarly, a phantom probe 110’ is shown at the apex of
the pie-shaped image 200 as a convenient indication of
the position of the probe 110 with respect to the orifice

- 160. Again, the phantom probe 110’ does not appear on

23

corresponds to the flow of the liquid through the orifice

160 in the partition 156 between the two chambers 152,
154. The flow rate can thus be determined empirically
by capturing the overflow liquid in a calibrated con-
tainer over a predetermined amount of time and calcu-
lating the flow per unit time. The empirically deter-
mined flow rate can be compared with the flow rate
determined by the method of the present invention and
with the flow rate determined by other methods to
demonstrate the accuracy of the present invention.

Returning to FIG. 1, the probe 110 is positioned on
an outer wall 194 of the box 150 in alignment with the
orifice 160 so that the ultrasonic signals generated by
the probe 110 are directed toward the orifice 160. As
illustrated, the probe 110 is positioned on the outer wall
of the first chamber 152 so that the ultrasonic signals
emitted by the probe 110 travel in the same direction as
the flow of liquid through the orifice 160 from the first
chamber 152 to the second chamber 154. The position-
ing of the probe 110 proximal to the orifice 160 with
respect to the direction of flow of the liquid is an impor-
tant aspect of the present invention in that it allows the
flow rate to be accurately determined in accordance
with the method of the present invention.

As schematically illustrated in FIG. 1, the ultrasonic
signals transmitted by the probe 110 are transmitted in a
fan-shaped beam that scans across the orifice 160 in a
conventional manner to provide a two-dimensional
dimensional representation of the hquid flow through
the orifice 160. (For reference herein, the *“scan direc-
tion” 1s the direction of the signals in the center of the

fanshaped beam and is parallel to the X-axis using the
coordinate system shown in FIG. 1.) The two-dimen-

sional representation of the liquid flow is displayed on
the display momnitor 132 as a pie-shaped image 200
wherein the displayed colors within the pie-shaped
image 200 represent the velocity of the liquid at a par-
ticular location in the scanned portion of the two cham-
bers 152, 154. In other words, the image 200 represents
a flow velocity distribution for the liquid passing
through the orifice 160.
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the actual display on the display monitor 132.

As illustrated, the image 200 includes a plurality of
generally semicircular alternating arcs of red and blue
proximal to the orifice 160'. As previously discussed,
the color in the display represents the direction and
velocity of flow of the liquid, with the blue color, repre-
senting, for example, liquid flow away from the probe
110’ (i.e., proximal to distal in the direction of the arrow
202). Because the blue color only represents a finite
range of velocities in the proximal to distal direction
(e.g., 0 to 27 centimeters per second), a phenomenon
referred to as “aliasing” occurs when the velocity of the
liquid exceeds the maximum magnitude of the range.
When the velocity is greater than the aliasing velocity
(e.g., greater than 27 centimeters per second), the veloc-
ity 1s displayed as a shade of red. Although the red color
1s Intended to indicate liquid flow in the distal to proxi-
mal direction, a skilled operator understands that the
lquid cannot abruptly change direction and will thus
understand that aliasing has occurred and that the color
Doppler imaging system is displaying velocities in the
range from in excess of 27 centimeters per second to 54
centimeters per second, for example, in the same direc-
tion. When the range of velocities represented by the
red color shades are exceeded (e.g., 54 centimeters per
second), aliasing will again occur with an abrupt shift
from shades of red to shades of blue. The aliasing may
occur a number of times as the velocity of the liquid
flow increases as the liquid moves closer to the orifice
160'. |

The aliasing between the red and blue colors provides
significant information related to the velocity of the
liquid flow as the aliasing occurs at a known velocity
determined by the range setting on the color Doppler
imaging system. As discussed above, the range setting
for the experiments described herein was adjusted so

that the aliasing occurred at 27 centimeters per second,
although it should be understood that other settings can

be used. |

It can be seen mn FIG. 3 that the liquid flowing
through the orifice 160’ is represented by generally
welldefined color areas proximal to the orifice 160,
while, on the other hand, the liquid flow distal to the
orifice 160’ is disturbed flow as represented by complex
color shapes (including variance). Although there have
been attempts to determine hiquid flow rate (i.e., volume
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per unit time) through an orifice by evaluating the ve-

locities in the liquid flow distal to the orifice 160, such
attempts have generally not been very successful.

Bargiggia, et al., first suggested that the aliasing ve-
locities in the liquid flow proximal to an orifice can be
used to determine actual liquid flow through the orifice.
Bargiggia, et al., suggested that the red/blue interface
representing an aliasing velocity defines an isovelocity
line (i.e., a line representing identical velocities). Bar-
giggia, et al., further suggested that the diameter of the
generally semicircular isovelocity line can be consid-
ered to be the diameter of an isovelocity hemisphere
having a surface that represents the locations relative to
the orifice 160’ having liquid flow at the same common
aliasing velocity. Since the surface area of the hemi-
sphere can be readily calculated, then the flow through
the orifice 160' can be calculated by multiplying the
surface area by the aliasing velocity.

_Applicants herein have evaluated the Bargiggia, et
al.,, hemispherical modeling method using the experi-
mental setup described in FIGS. 1 and 2 and have deter-
mined that the Bargiggia, et al., method does not pro-
vide a sufficiently accurate determination of liquid flow
rate when compared with the empirical measurements,
particularly for non-circular orifices. On the other
hand, Applicants have discovered a new method of
determining liquid flow that compares well with the
empirical flow determination described above.

DESCRIPTION OF THE METHOD OF THE
PRESENT INVENTION

Unlike the Bargiggia, et al., method, the method of
the present invention is based upon the recognition that
the liquid flow through an orifice, such as the orifice
160 in FIGS. 1 and 2 is a complex flow that cannot be
accurately represented by a hemispherical isovelocity
surface. Rather, in the method of the present invention,
an 1sovelocity surface is defined that more accurately
represents the three-dimensional flow of liquid to and
through the orifice 160.

The first step of the present method has been de-
scribed above, and requires the measurement of the
liquid flow in accordance with FIGS. 1 and 3. That is,
the probe 110 is positioned proximal to the orifice 160
with the probe 110 aligned with the centerline of the
orifice 160 and thus aligned with the axis of the flow
through the orifice 160. The image 200 of FIG. 3 is
generated as discussed above and is provided as an input
to the next step of the method.

During the next step of the method, the image 200
taken along the axis of flow of the liquid through the
orifice 160 is measured to determine the distance of a
first 1sovelocity line 250 from the plane of the orifice
160" along the axis of flow of the liquid. The axis of flow
1s represented by a phantom line 252 in FIG. 3 perpen-
dicular to a line 254 in the plane of the orifice 160'. This
first measured distance is saved and is referred to here-
inafter as the distance A. The distance A will be used, as
described hereinafter, to define an ellipsoidal
isovelocity surface model.

It should be understood that the foregoing measure-
ment of the distance A can be accomplished manually
by working directly on the display monitor 132. In the
preferred embodiment, the measurements are accom-
phshed by transferring the data representing the image
200 to a second processing device, which is preferably
a DEXTRA D-200 (not shown) image analysis com-
puter, or the hke. The data is transferred, for example,
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using high resolution video tape. The DEXTRA D-200
1s particularly suited for making the measurements since
the image from the video tape is displayed on a conven-
ttonal high resolution computer monitor (not shown)
and a mouse or other cursor control device can be used
to define the starting and ending points for a length to
be measured on the image 200. The DEXTRA D-200
includes software which automatically measures the
distance between the starting and ending points and
provides the measured distance as output data to the
operator. Referring again to FIG. 3, it can be seen that
the image 200 includes a plurality of reference markers
260 that are spaced apart from each other by a predeter-
mined distance (e.g., 5 centimeters, or the like). The
DEXTRA D-200 can be easily calibrated by using a
pair of reference markers 260 as starting and ending
points and providing the actual distance as input data to

the DEXTRA D-200. Thereafter, the software within
the DEXTRA D-200 can calculate a scale factor to be
applied to subsequent measurements between two
points on the stored image 200. The DEXTRA D-200 is
a commercially available system used in echocardiogra-
phy and other ultrasonic measurement applications for
measuring portions of images produced by such ultra-
sonic measurements. The operation of the DEXTRA
D-200 and similar equipment is well understood by
those skilled in the art of ultrasonic measurements. In
particularly preferred embodiments of the present in-
vention, the functions of the DEXTRA D-200 can be
incorporated into the computer 140 of FIG. 1 so that
the measurements and flow volume calculations de-
scribed hereinafter can be performed using the com-
puter 140 and the associated input console 142,

After measuring the long axis distance A, the probe
110 1s repositioned on a top wall 270 of the box 150 such
that the ultrasonic signals are directed parallel to the
plane of the partition 156 so that the ultrasonic signals
are generally parallel to the partition 156, as illustrated
in FIG. 4. Thus, the ultrasonic signals are radiated in a
plane perpendicular to the flow of the liquid through
the orifice 160. The probe 110 is positioned slightly
proximal to the plane of the partition 156 so that the
plane of the ultrasonic signal scan is slightly proximal to
the partition 156 and thus detects the flow of liquid in
radial directions toward the perimeter of the orifice 160
rather than axial as described above. Using the coordi-
nate system shown in FIG. 4, the “scan direction” is
parallel to the Y-axis in a plane parallel to the Y-Z plane
(1.e., in a plane perpendicular to the X-axis).

Although Bargiggia, et al., assumed that the flow of
the iquid through the orifice would be supplied along a
hemisphere defined by an isovelocity surface, Appli-
cants’ experiments have shown that the liquid flowing
along radial lines that are at substantial angles with
respect to the axial flow through the orifice 160 (i.e., at
substantial angles with respect to the axial line 252 of
FIG. 3) does not flow as rapidly at a given distance
from the orifice 160. Thus, for example, the liquid that
flows generally parallel to the partition 156 until it
reaches the orifice 160 and then turns to flow through
the ornfice will be travelling much slower at a given
distance from the orifice 160 than liquid that is flowing
straight through the orifice in a direction perpendicular
to the partition 156. The ultrasonic scan in this step thus
detects the velocity of the liquid in a direction parallel
to the partition 156. |

An exemplary image 300 resulting from the measure-
ment taken in accordance with the step illustrated in
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FIG. 4 is illustrated in FIG. 5. It can be seen that the
image again comprises red and blue portions that re-
spectively indicate fluid motion toward the probe 110
and fluid motion away from the probe 110. For refer-
ence, a phantom probe 110" is positioned at the top of
the image 300 to show the source of the ultrasonic sig-
nals. As an additional reference, a phantom circle 160"
is shown to represent the position of the orifice 160.
Neither the probe 110” nor the orifice 160" appear on
the actual image 300 produced by the color Doppler
imaging system 100 of FIG. 1.

Again, the fluid motion in portions of the image 300 is
of sufficient magnitude that the aliasing phenomenon
occurs so that a red/blue interface 1s displayed to indi-
cate that the fluid velocity exceeds the range repre-
sented by a particular color. For example, the top por-
tion of the image 300 in FIG. 5 is generally blue to
indicate that the fluid flow is away from the probe 110"
toward the orifice 160". Similarly, the bottom portion
of the 1mage 300 is generally red to indicate that the
fluid flow is generally toward the orifice 160" and the
probe 110".

Near the center of the image 300 looking from the top
downward, a blue/red interface 310 represents the first
aliasing velocity caused by the increase in the velocity
of the fluid as it nears the orifice 160”. This first aliasing
velocity has a known velocity that represents the maxi-
mum range set by the computer 140 in response to com-
mands from the input console 142. As the fluid gets still
closer to the orifice 160", the fluid velocity increases
such that a second aliasing velocity occurs as illustrated
by a red/blue interface line 312. In like manner, looking
from the bottom of the image 300 upward, a red/blue
interface 320 represents the first aliasing velocity of the
fluid, and a blue/red interface 322 represents the second
aliasing velocity of the fluid. It can be seen that the
bilue/red interface 310 and the red/blue interface 320
are disposed on opposite sides of the orifice 160" ap-
proximately in the center of the image 300.

It should be understood that the flow of the liquid
into the circular orifice 160 in the physical embodiment
of FIG. 4 1s generally symmetrical about the orifice 160.
In FIG. 5, the dumbbell shape of the red/blue and
blue/red interfaces of the image 300 with respect to the
orifice 160" result from the fact that the physical flow of
the liquid in FIG. 4 represented by the portion of the
image 300 to the right and to the left of the orifice 160"
in FIG. 5 is generally perpendicular to the ultrasonic
signals generated by the probe 110. Since the Doppler
effect operates on motion to and away froni the ultra-
sonic signals, as the flow becomes increasingly perpen-
dicular to the ultrasonic signals, the displayed colors
indicate decreasing flow rates although the actual flow
rate 1s not decreasing. Thus, the displayed image 300
has a pinched-in appearance when viewed horizontally
through the orifice 160"

Once the image 300 has been created as just de-
scribed, the distance between the blue/red interface 310
and the red/blue interface 320 on the image 300 is mea-
sured. As discussed above, the measurement can be
accomplished manually; however, the measurement is
preferably performed using the DEXTRA D-200, or
the like. The image 300 includes a plurality of calibra-
tion markers 330 for this purpose.

The distance between the blue/red interface 310 and
the red/blue interface 320 is shown in FIG. 5§ as a dis-
tance 2B, with one-half this distance (i.e., the distance
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between one of the interfaces 310, 320 and the center of
the orifice 160’") being shown as a short axis distance B.

After measuring the long axis distance A and the
short axis distance B, the method of the present inven-
tion, uses the two measured distances as the bases for an
hemi-ellipsoidal model 400 of the liquid flow through
the orifice 160 as illustrated in FIG. 6. It can be seen
that the hemi-ellipsoidal model 400 has a first axis 410
that corresponds to the long axis distance A measured
from the image 200 of FIG. 3 and a second axis 412 that
corresponds to the short axis distance B measured from
the image 300 of FIG. 5. The first axis 410 and the
second axis 412 of the model 400 are positioned to inter-
sect at the center of the orifice 160. The elliptical model
400 is a surface of revolution of an ellipse about an X
axis corresponding to the first axis 410, the ellipse being
defined as:

X2/A24.Y2/B2=1 (1)

- The X-axis of revolution is perpendicular to the parti-
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tion 156 and penetrates the center of the orifice 160. The
Y-axis corresponds to the second axis 412. It can be seen
that when the center of the orifice 160 is considered to
be the origin of an X, Y, Z coordinate system, the dis-

. tance A corresponds to the X-intercept (i.e., the inter-

section of the ellipsoidal surface with the X-axis) and
the distance B corresponds to the Y-intercept (i.e., the
intersection of the ellipsoidal surface with the Y-axis).
The rotation of the ellipse around the X-axis produces
an ellipsoid having a surface defined by

X2/A%24+Y2/B24+Z2/B2=1 (2)
The Equation (2) i1s for the entire surface of the ellip-
soid; however, the model is referred to herein as the
“hemi-ellipsoidal” model since only the surface area
proximal to the orifice is calculated. In the Equation (2),
the distance B is the same for both the Y-axis and the
Z-axis for this model.

In the experiments, the short axis distance B was
greater than the long axis distance A. The proximal
1sovelocity surface area (PISA) is calculated from the
long axis distance A and the short axis distance B in
accordance with the following equation:

(3)
2 N g2 _ 42
S = 782 1 T BA IH{B+ B« — A4 }
N g2 _ 2 4 |

where A is the long axis distance between the center of
the orifice 160’ and red-blue color interface 250 on the
long axis view image 200 of FIG. 3; and where B is the
short axis distance between the center of the orifice

160" and the red-blue interface 310 on the short axis

view image 300 of FIG. 5.

In the event that the short axis distance B is less than
the long axis distance A, then the proximal isovelocity
surface area S can be calculated in accordance with the
following equation:

S = 2w(B* + AB(Arc sin a)/a) (4)

where:
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After calculating the proximal isovelocity surface
area mn accordance with the Equation (3) or the Equa-
tion (4), the flow rate of the liquid through the orifice
160 1s calculated by multiplying the surface area by the
aliasing isovelocity at the red/blue interfaces:

FR=PISAXV (5)
where FR is the flow rate in cubic centimeters per
second {(cm?/sec), PISA is surface area in square centi-
meters (cm?), and V is the aliasing isovelocity in centi-
meters per second (cm/sec).

By choosing the outermost red/blue or blue/red in-
terfaces, the aliasing velocity is the first aliasing velocity
which is the maximum range for the color representa-
tions. For example, in the exemplary experiment de-
scribed herein, the aliasing velocity has a magnitude of
27 cm/sec. Thus, V in the Equation (5) would be 27
cm/sec for this example.

The above-described calculation of the flow rate
using the hemi-ellipsoidal model of the isovelocity sur-
face has been compared with the actual flow rates de-
termined by measuring the constant flow for a known
amount of time (i.e., by capturing the overflow from the
outlet 172 of the first tank 170). The results of the com-
parison for a circular orifice 160 are illustrated in FIG.
7 which is a graph of calculated flow rate (vertical axis)
versus actual measured flow rate (horizontal axis). Both
axes are calibrated in liters per minute. The ideal corre-
lation between the calculated flow rate and the empiri-
cally measured flow rate is illustrated by a 45° dashed
line 430 from the origin of the graph. The actual calcu-
lated flow rates using the hemi-ellipsoidal model of the
present invention are indicated by small closed circles
on the graph for various actual flow rates. It can be seen
that the calculated flow rates compare quite well with
the empirically measured flow rates. The fit of the cal-
culated values about a regression line can be expressed
mathematically in the format y=mx+b, where vy is the
calculated flow rate, x is the actual empirically mea-
sured flow rate, b is the y-intercept of the regression line
and m 1s the slope of the regression line. The slope m of
the relationship between the calculated and measured
values was 0.97 compared with an ideal slope of 1.0.
The correlation coefficient r was 0.998, and the stan-
dard error of the estimate (SEE) was 0.14 liters per
minute.

A set of open circles on the graph in FIG. 7 illustrate
the calculations using the hemispherical model of Bar-
giggra, et al. The fit of the hemispherical model can be
expressed as r=0.993, slope=0.79 and SEE =0.18 liters
per minute. It can be seen that, for a circular orifice 160,
the Bargiggia, et al, hemispherical model generally
underestimates the actual flow rate by an average of
approximately 18% of the actual flow rate and is thus
less accurate than the hemi-ellipsoidal model of the
present invention which underestimates the actual flow
rate by an average of approximately 5%.

An alternative model to the hemi-ellipsoidal model
described above is a so-called “pan” model. The pan
- model recognizes that for a sufficiently large orifice, the
flow substantially parallel to the axis comprises a col-
umn of liquid rather than a single axial line. Thus, the
pan model] comprises a pan-shaped surface 450 as illus-
trated in FIGS. 8 and 8B. It can be seen that the pan-
shaped surface 450 comprises a flat circular portion 452
that 1s substantially parallel to the plane of the orifice
160. The flat portion 452 is symmetrically disposed

about the X-axis and has a radius r. The edges of the flat
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portion 452 are contiguous with a generally radial pe-
ripheral surface 454 best iliustrated in the elevational
view of FIG. 8B. As illustrated, the peripheral surface
454 is formed by rotating a 90° segment of a circle of
radius A {measured from the image 200 of FIG. 3) about
the X-axis. The 90° segment extends from the Y-Z plane
(1.e., the plane parallel to the partition 156 in which the
orifice 160 is formed) to the edge of the flat portion 450.
The origin of the radius defining the 90° segment is not
on the X-axis (1.e., the origin of the radius of length A is
not at the center of the orifice 160). Instead, the origin
of the radius of the 90° segment is offset from the X-axis
by the radius r of the flat portion 452. Thus, the rotation
of the 90° segment about the X-axis does not define a
hemisphere. Rather, it defines the boundaries of a pan-
shaped or bowl-shaped surface, as shown.

The following equation is used to caiculate the proxi-
mal 1sovelocity surface area using an assumption of a
pan-shaped surface model:

(6)

2
2
PISH =1?~ﬂi+ 21TA2+‘JT( C; }

where A is the distance between the orifice and red-blue
color interface in the long axis view image 200 of FIG.
3; ¢ 1s a coefficient; and d is the orifice diameter. The
coefficient ¢ is an empirical number for the pan-shaped
model and 1s the ratio of the model’s top flat circle
diameter (i.e., 2r) to the actual orifice diameter d (i.e.,
2r=cXd). The coefficient ¢ was selected to provide the
best fit of the calculated volume flow rate using the
pan-shaped model to the actual volume flow rate. In
experiments using the pan-shaped model, a coefficient c
of 0.2 has been found to provide a sufficiently accurate
approximation of the fluid flow through the orifice 160.

It should be noted that the pan-shaped model only
requires that the A dimension taken from the image 200
in FIG. 3 be known. Thus, the pan-shaped model can be
derived from a single image rather than the two orthog-
onal images. However, the pan-shaped model requires
knowledge of the orifice diameter which may not be
readily available in many clinical situations.

Referring again to FIG. 7, a set of x’s represent the
calculations of fluid flow using the pan model of FIGS.
8 and 8B. It can be seen that the pan model provides a
close fit to the ideal 45° line of the graph. The fit of the
pan model can be expressed as r=0.997, slope=0.98,
and SEE=0.16 L./min which compares favorably with
the ellipsoidal model. Thus, the pan-shaped model pro-
vides a good fit for applications where the size of the
orifice 1s known.

The hemi-ellipsoidal model of FIG. 6 can also be used
with non-circular orifices, such as ellipsoidal orifices.
The above-described hemi-ellipsoidal model obtained
by taking a long-axis measurement and a single short-
axis measurement provides a better correlation with
actual volume flow than the hemispherical method of
Bargiggia, et al. For additional accuracy, a second
short-axis measurement can be taken as illustrated in
FIG. 9. The second short-axis measurement is taken in
the same plane as the first short-axis measurement but is

‘taken along an axis substantially perpendicular to the

axis of the first short-axis measurement with the probe
110 positioned on a side wall 460 perpendicular to the
top wall 270. Using the coordinate system shown in
FIG. 9, the “scan direction” is parallel to the Z-axis in
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a plane parallel to the Y-Z plane (i.e., in a plane perpen-
dicular to the X-axis).

FI1G. 10 illustrates an image S00 produced by the
second short-axis view. As illustrated, the image 500 is
similar to the image 300 produced by the first short-axis
view. A measurement is taken between a blue/red inter-
face 510 and a red/blue interface 512 to obtain a dis-
tance 2C which 1s twice the distance C from one of the
interfaces 510, 512 to the center of the orifice, again
represented as a phantom orifice 160".

FIG. 11 illustrates a hemi-ellipsoidal model 520 hav-
Ing a first axis 522, having a length A from the origin
along the X-axis that corresponds to the distance A
measured from the image 200 of FIG. 3; having a sec-
ond axis 524, having a length B along the Y-axis from
the origin that corresponds to the distance B measured
from the image 300 of FIG. 5; and having a third axis
526, having a length C along the Z-axis from the origin
that corresponds to the distance C measured from the

10

15

image S00 of FIG. 10. The hemi-ellipsoidal model of 4q

FI1G. 11 represents a surface that comprises the points
{X, Y, Z} that satisfy the equation:

X2/A2+Y2/B2+22/C2=1 (7
As before, only those points where X is greater than or

equal to zero are considered as part of the hemi-ellipsoi-

dal surface model 520.
The surface of the hemi-ellipsoidal model 520 is an

1sovelocity surface representing the locations in the
images 200, 300 and 500 where the velocities are equal
to the aliasing velocity (e.g., 27 centimeters per second).
The surface area of the hemi-ellipsoidal model 520 can
be calculated as follows:

by (8)
[ Nt = isin2ede  +

A2
S = wBC ﬁ+a

0
1 — a2 f %o do
* 0 N 1 — i%in?s
where:
A?.
i A=
where:
AZ
where:
2 2
k = 8. —_ | — A / 1 — A
(8 B CZ
and where:
. A2
¢o = Arcsiny} 1 — -E-l'_

Although described above with respect to a constant
flow experiment, it should be understood that the pres-
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ent invention also provides sufficiently accurate results
when the liquid has pulsatile flow characteristics
through the orifice 160. FIG. 12 illustrates an experi-
mental setup wherein the flow through the orifice 160 in
the partition 156 is generated by a pump 600 so that the
flow occurs in predetermined pulses to simulate the
cardiac action of a patient. The pump 600 comprises a
motor 602 that drives a piston 604 1n a reciprocating
manner. For example, the piston 604 can be driven
against the force of a spring (not shown) by a cam 606
having a camming surface that can be selected to simu-
late the variations in pressure during a cardiac cycle.
The piston 604 pushes against a liquid in a chamber 610
to periodically increase and decrease the pressure of the
liquid. A bladder 612 is suspended in the liquid in the
chamber 610. The bladder 612 is connected to a supply
tank 620 via an inlet tube 622 and is connected to the
above-described box 150 via an outlet tube 624. The
supply tank 620 holds a solution of cornstarch in water,
as described above. A first one-way valve 630 1s in-
cluded in the inlet tube 622 so that liquid can flow only
in the direction from the supply tank 620 to the bladder
612, and a second one-way valve 632 is included in the
outlet tube 624 so that liquid can flow only in the direc-
tion from the bladder 612 to the box 150. The increases
and decreases in the pressure in the chamber 610 are
applied to the bladder 612 to cause the bladder 612 to
draw liquid from the supply tank 620 and force liquid
into the first chamber 152 of the box 150, thus causing
pulsatile flow of liquid through the orifice 160 in the
partition 156. '

The box 150 is submerged in a second tank 640 hav-
ing an outlet 642 to maintain a constant liquid level in
the second tank 640, thus providing a constant pressure
P2 in the second chamber 154 of the box 150. The over-
flow from the outlet 642 is captured in an overflow tank
644, as before. A second constant flow pump 646 is
advantageously included to pump the liquid back to the
supply tank 620 to allow the experiment to continue for
extended time durations. Alternatively, the overflow
can be measured over a predetermined number of pump
cycles to empirically determine the average flow vol-
ume per pump cycle (1.e., the flow per “beat” of the
simulated heart).

As illustrated in FIG. 12, the probe 110 is first posi-
tioned on the outer wall 194 of the box 150 to measure
the flow in the long axis view and create an image simi-
lar to the image 200 of FIG. 3, and then positioned on
the top wall 270, as illustrated by a second probe 110 in
phantom in FIG. 12, to create an image similar to the
image 300 of FIG. 3. For an elliptical orifice, the addi-
tional short axis view is also taken in accordance with
FIG. 9 and the image representing the maximum veloc-
ity is selected.

Since the flow velocity changes throughout each

pump cycle, it 1s necessary to evaluate each frame of the
images 200, 300 (and 500 if using the model of FIG. 11)

to select the respective frames that represent the peak

velocity (1.e., the frames which have the first blue/red
interface furthest from the orifice). The DEXTRA
D-200 image analysis computer, described above, ad-
vantageously includes software to allow an operator to
step through each image frame and select the appropri-
ate image, either visually or through measurement of
the distances A and B as described above. After measur-
ing the images, a proximal isovelocity surface area

(PISA) model i1s constructed as described above. |
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The stroke volume is calculated by first assuming that
the proximal isovelocity surface area increases from 0 to
its maximum area and then decreases to 0 in direct pro-
portion to the change in velocity measured using a
continuous wave Doppler recording in the liquid jet
distal to the orifice 160, as indicated by the position of a
probe 660 in FIG. 12. As is well known in the art, con-
tinuous wave Doppler techniques can accurately record
the velocities encountered in echocardiography with-
out encountering the aliasing phenomenon described
above. Thus, the recording of the distal jet will provide
a direct reading of the velocity of the flow through the
center of the orifice 160. By measuring this velocity
over time using the continuous wave Doppler, a flow
velocity integral (FVI) in centimeters (i.e., the area
under the flow velocity curve) can be calculated as well
as the peak flow velocity (PFV) in centimeters per
second through the orifice 160. Thereafter, the flow
velocity integral and the peak flow velocity measured
using continuous wave Doppler, along with the proxi-
mal isovelocity surface area and the isovelocity mea-
sured using the multi-gate pulsed wave color Doppler,
can be combined to calculate the stroke volume (SV) as
follows:

SV =PISA XV X(FVI/PFV) (9)

The flow rate (FR) can then be calculated as follows:

FR=8SV xHR (10)
where HR is the heart rate, which, in the experimental
setup, is the rate at which the piston 604 in the pump 600
1s cycled.

The results of the experiments with the pulsatile
model are illustrated by a graph in FIG. 13 wherein a
dashed line 700 at a 45° angle to the origin represents
the 1deal relationship between the flow rate calculated
in accordance with this aspect of the present invention
(the vertical axis) and the empirically measured actual
flow rate (the horizontal axis). A set of closed circles
represent the calculated flow rates corresponding to the
empirically measured actual flow rates. It can be seen
that a best fit line 710 constructed through the calcu-
lated values is different from the line 700 but sufficiently
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close to the line 700 to show that the present invention 45

can be used to provide non-invasive measurements of
pulsatile liquid flow. It has been found that over a range
of jet velocities at the orifice 160 from 2.6 meters per
second to 7.7 meters per second, and flow rates ranging
from 1.0 liters per minute to 10.3 liters per minute, the
calculated flow rates using the proximal isovelocity
surface area method and the elliptical model of the
present invention demonstrates excellent correlation
with the actual flow rate (r=0.985, slope=1.09 and
SEE=0.23 liters per minute), where r, slope and SEE
are defined as before.

It can be seen from the foregoing that the hemi-ellip-
soidal models of the present invention in combination
with a color Doppler imaging system provide excellent
correlation in the measurement of constant flow and
pulsatile flow of liquids compared to empirical measure-
ments of the same flows.

Although described above in connection with partic-
ular embodiments of the present invention, it should be
understood the descriptions of the embodiments are
illustrative of the invention and are not intended to be
limiting. Various modifications and applications may
occur to those skilled in the art without departing from
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the true spirit and scope of the invention as defined in
the appended claims.

What is claimed is:

1. A method for determining a volume of flow

through an orifice at a wall which separates a first
chamber and a second chamber in an object, comprising
the steps of:
transmitting ultrasonic beams to said first chamber
from first and second locations proximal to said
orifice and measuring at least first and second flow
velocity distributions in said first chamber using
the Doppler shift of ultrasonic waves reflected
from particles in said flow;
defining an isovelocity surface on which a plurality of
1Isovelocity points within said first and second flow
velocity distributions indicate a specified velocity,
said isovelocity surface defined by an elliptical
model; and
estimating said volume of flow by calculating the area
of said surface of said elliptical model and by multi-
plying said area by said specified velocity.
2. The method as defined in claim 1, wherein said
elliptical model is a surface of revolutionin an X, Y, Z
coordinate system of an ellipse defined by

X2/A2 Y3 /B2=1,

the axis of said revolution being the X-axis which is
perpendicular to said wall and penetrates the center of
sald orifice, and A and B are measured from said first
and second flow velocity distributions.
3. The method as defined in claim 2, wherein said step
of defining said model includes the steps of:
defining A as an X-intercept of said ellipse by locat-
ing a first point within said first flow velocity distri-
bution at which said flow velocity is said specified
velocity; and
defining B as a Y-intercept of said ellipse by locating
a second point within said second flow velocity
distribution at which said flow velocity is said spec-
ified velocity.
4. The method as defined in claim 1, wherein said
elliptical model is defined by

X2/AL4LY2/B2y72/C2 =],

on an X, Y, Z coordinate system having an origin at the
center of said orifice, said X-axis being coincident with
the direction of flow through said orifice, and wherein
said step of describing said model includes the steps of:
defining A as an X-intercept of said elliptical model in
an X-Y plane using first flow distribution:
determining B as a Y-intercept in a Y-Z plane using
sald second flow distribution; and
determining C as a Z-intercept in a Y-Z plane using a
third flow velocity distribution.
>. The method as defined in claim 4, wherein:
said first flow velocity distribution is obtained by
positioning an array ultrasonic transducer on said
X-axis and scanning said flow in a plane parallel to
sald X-axis: |
said second flow velocity distribution is obtained by
positioning said array ultrasonic transducer in the
direction of said Y-axis and scanning said flow in a
plane parallel to said Y-Z plane; and
said third flow velocity distribution is obtained by
positioning said array ultrasonic transducer in the
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direction of said Z-axis and scanning said flow in a
plane parallel to said Y-Z plane.
6. A method for estimating a volume of flow across
an orifice at a wall which separates a first chamber and

“a second chamber in an object, comprising the steps of:

transmitting an ulirasonic beam from a first position
proximal to said orifice toward the center of said
orifice through said first chamber, and measuring a
first flow velocity distribution along an X-axis
using the Doppler shift of ultrasonic waves re-
flected from particles in said flow;

transmitting an ultrasonic beam from a second posi-
tion on a Y-axis toward said center of said orifice
through said first chamber, and measuring a second
flow velocity distribution along said Y-axis using
the Doppler shift of ultrasonic waves reflected
from said particles, said Y-axis being in a plane
proximal to said orifice and perpendicular to said
X-axis;

transmitting an ultrasonic beam from a third position
on a Z-axis toward said center of said orifice
through said first chamber and measuring a third
flow velocity distribution along said Z-axis using
the Doppler shift of ultrasonic waves reflected
from said particles, said Z-axis being in a plane
proximal to said orifice and perpendicular to said
X-axis; |

locating points on each of said X-axis, said Y-axis and
said Z-axis at which the flow velocity is a respec-
tive specified velocity within said first, second and
third flow velocity distributions;

defining an isovelocity surface by an elliptical model
in accordance with the definition

X2/AZ4+Y2/B24+Z2/C2=1,

5

22

where, A is the distance between said first point
and said origin, B is the distance between said sec-
ond point and said origin, and C 1s the distance
between said third point and said origin; and

calculating an area of a surface of said elliptical model
in said first chamber and multiplying said area by
said specified velocity to obtain the volume of said
flow.

7. A method for estimating a volume of flow across

10 an orifice at a wall which separates a first chamber and
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a second chamber in an object, comprising the steps of:

transmitting an ultrasonic beam from a position proxi-
mal to said orifice toward the center of said orifice
through said first chamber, and measuring a flow
velocity distribution along an axis perpendicular to
a plane parallel to said wall using the Doppler shift
of ultrasonic waves reflected from particles in said

flow;

locating a point on said axis at which the flow veloc-
ity is a specified velocity within said flow velocity
distributions;

defining an isovelocity surface by a pan-shaped
model in accordance with the definition

m2ed A

2
) cd
5 + 27A +1T{ 5 }

where A is the distance between said point and said
plane of said wall, d is the diameter of said orifice
and c 1s a constant; and

calculating an area of a surface of said pan-shaped
model In said first chamber and multiplying said
area by said specified velocity to obtain the volume
of said flow.

PISA =

¥ % X% Xk %
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